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This ATM describes the engineering model development and contains 
the results of the lal;>oratory tests performed, and the discrepancies 
that have occurred. A photograph of the detector assembly is shown 
in Figure 13, and Figure 14 shows the engineering model electronics 
assembly, 
Prepared By: 
J. L. Gedge 
Approved By: 
A. B. Collins 
24 
PAGES 
REV.NO. 
. . 
''~HJ/..,. , 
·~ /It • " C ' I ,"" • 0 Jt 
• 
2/3/67 
BENDIX SYSTEMS DIVISION ANN ARBOR,MICH NOATM- 617 
Dust Detector Engineering Model 
Development and T ests 2 PAGE OF 24 
1. Ope rational A mplifi e r Circu i t Development and Testing 
The initial eng inee ring mo d e l cir c uit used operational amplifiers with 
ci r cui t as s hown in Figure 1, wi th values of Rs • 1• 37./land Rf • 3• 91 K..rL 
Linearity checks of t h is circuit we re made at room temperature (+75°F). 
T wo identical amplifier units we re checked and the curve of input against 
output voltag e is shown in Figure 2. The linearity of these amplifiers is 
seen t o be good, wi t h slight increase in gain at low input levels. The gain 
at low input lev e ls i s 40 while a t high input levels the gain has dropped to 
36· 2. The reason for this non-linearity is due to the fact that a closed loop 
gain of around 3 8 is fairly high for a one-stage operational amplifier, this 
gain b e ing required t o give an output voltage swing of 0 to+ 5v with an input 
range from 0-140 m ilivo lts. The ou tput voltages measured with the ampli-
fi e r inputs s hort ci r cuited were + 43· 3 milivolts and -30-1 milivolts 
respectively, which would have to b e connected for in data analysis. 
A s pot check of th e variation of gain with temperature showed a gain 
variation u f ± 6% between -20°F and+ 17 5°F. The operating limits expected 
for the central station e nclosure are 0°F to +l25°F and the electronic cards 
are expected to be some l0°F hotter than this, hence ~he c hoice of test 
temperature extremes. 
During the Delta PDR on 15 November 1966, a chit (No. 03-20) was 
submitted with the result that the solar cell load resistor Rs was changed 
from 1• 37.fL to l· O.f'Lto minimize .the effect of temperature on the output 
of the solar cell (ke e ping it ope rating above the "knee ' in the constant cur-
rent region up to+ 260°F) without affecting the layout of the printed circuit 
board. This n ec essitated adjustm e nt of the feedback resistor Rf which was 
ca rried out in two stages discussed below. 
During this adjustment, con side ration was given to obtaining the 
optimum operating compromise between a full 0 to+ 5v output swing, good 
amplifier linea rity, small offset voltag e and minimum variation of gain 
with temperature variation. 
During the first stage of adjustment, Rf was made 3· 83 KSL. The 
linearity r es ults are shown in Figure 3. This configuration showed good 
agreement b e tween the amplifiers tested, but in the worst region, it is 
considered large enough to r e quire individual calibration curves for each 
amplifier. 
The offset voltage was considered small enough to be neglected 
with this configuration being + 1·1 mv, - 2· 6 mv. and + 2•1 mv for the 
th ree amplifiers respectively. The linearity of the amplifiers was also 
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ac c eptabl e, the gain changing from 27• 8 at low input levels to 25· 2 at high 
input l evels, the s ame percentage change as for the previous amplifier 
design. 
Ternp erature t ests w e r e carried out on the three amplifiers and 
the results are shown i n F .gures 4 , 5 and 6, and resulted in gain vari-
ations of ~1. 4o/o from th e nom~nal at room temperature which is an im-
provement en the p r eviou s design. 
In addition,thi s design will give g reater stability of solar cell out-
put variation with temperature by using the 1· O.f\resistor as described 
above. 
The gain of the amplifiers with this system is,however,considered 
too low, as the output dynamic range of the amplifiers will cause in-
accuracies in the s arnpling of the A-D converter which only samples 
to the nearest 20 milivolts. 
The sec ond configuration was to make Rf = 4· 99 KA,in an attempt 
to boost the gain of the system without degrading the other points con-
sidered to an unacc e ptable degree. 
Input/ output curves for the amplifiers are shown in Figure 7 1 
whe re it can be seen that the spread between the amplifiers is larger 
than before; in the worst region this spread is equivalent to an input 
variation of ± 2. 3 o/o , and provided that individual calibration curves are 
provided, this is considered acceptable. The offset voltages are in-
creased to the region of about 160 milivolts which is larger than de-
sired, but again with individual calibration curves, this can be accounted 
for. This increase in offset is a penalty for having a larger gain from 
the amplifiers. The gain is now adjusted to give about 4· 6 v output 
with 140 milivolts input at room temperature and is considered a good 
choice to prevent output voltages in excess of +5 volts under operating 
conditions, while giving a good dynamic range. 
The gain of the amplifiers changed from 3 7 • 2 with low input levels 
to 3 5· 0 with high input levels which is worse than with previous con-
fi gurations, however this non-linearity occurs chiefly below 20 milivolts 
input and can be accounted for with individual calibration curves. 
Amplifi er variations with t emperature are shown in Figures 8, 9 
ar1d 10 and are all w ithin ± Zo/o which is an improvement. It has been 
noticed that the gain is lowe r a t +125°F than at +175°F and.the minimum 
gai n point is being investigated at the time o£ writing. 
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I t has b een decide d to us e th e last mentioned configuration~ and it 
is proposed to run t he a m plifier for long hours and to make periodic 
measurements to check stability of pt;rformance with age. 
The only amplifier failure noted to date was during a temperature 
test run~ and thi s w as trac e d to a printed circuit board failure of a plated 
throu g h hole . P lated throu g h hole s for later models will only be used 
w hen a hard wi r e connection is mad e between the two circuit layers by 
w ire which is s olde r e d to b o th circuit layers. 
2. Development of the On/ Of£ Power Switching Circuit. 
The initial design of the +12v line switching circuit is shown in 
Figure ll A . When powe r is initially applied to the circuits, the base of 
01 is held to + • 4v by a Flip-Flop which is arranged to reset to this 
condition. This voltag e holds· Ql off which holds the base of Q2 up to 
+12v. This ensure s that Q2 is held off, thus prav e nting +12v from reach-
ing the amplifier line s. 
When commanded on, Ql is turned on by +4 volts on its base, and 
in turn Q2 is turned on, applying +12v to the amplifiers. At room temp-
eratur e ,this circuit was found to function satisfactorily~ however, the 
operation became border-line at high temperature due to increase in 
leakage of the diode Dl causing Ql to ;tart _to turn on when in the 11o£f 11 
condition. This te11dancy was corrected by the inclusion of a 47 KA 
resistor between the points A and B, which keeps the diode turned on 
all the time thus swamping any effects due to leakage change in the diode. 
The initial design of the -12 volt switching circuit is shown in 
Figure 11 B, where the input command was taken from the other side 
of the Flip-Flop. Although this circuit functioned satisfactorily at 
room temperature it is not a switching circuit as Ql is not switched 
hard on and off by the input voltage. The input stage functions as an 
amplifier and the correct operation of this circuit was dependent upon 
careful selection (and constancy) of the resistor chains in the emitter 
and collector of 01. 
Having had good performance from the +12v switching circuit,1 
the final configuration was decided upon and is shown in Figure llC. 
This is an identical circuit to the +12v switching circuit~ with the add-
ition of an inverting stage Q2. 
Both these finali ze d circuits have been found to perform well 
between th e temp e rature limits of -120°F and +27 5°F which is con-
siderably beyond the range expected for this unit. A failure of the 
-12v line was experienced at -125°F but this recovered when the 
temperature was raised to - 35°F ~ and has been functioning satisfact-
orily ever since when tested over the range -20°F to +17 5°F. 
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3 . Solar C ell Output Measurements 
Since the solar cells hav e a quoted performance only when il-
luminated by light of the spect ral content of solar light, no meaningful 
quantitative measurements c an be taken from them without specialized 
light sources. However to obtain comparitive readings from the three 
cells mounted in their hous ing a s erie s of measurements were taken as 
follows. 
In a dark room a 500 w att photographic floodlight was set up 
60 inches away from the solar cells on test. Measurements were made 
of the output voltage from three cells placed in exactly the same position 
sequentially with no filter placed between the cells and the light sourc e 
and with a series of seven progressively more dense filters in position. 
A c o mparison of the cell performance for the varying light in-
tensity is s hown in Table II. 
A se cond series of comparison n<easurements were made again 
using the same seven filters with the light source moving around a circle 
center on the solar cell, of radius 60 inches. These tests provided 
data showing the manner in which cell output drops off with illumination 
at angles of incidence other than perpendicular to the face of the cell. 
Measurements with cell number 1 were made at increments of angle of 
incidence of 2· 5° b e tween 0° (normal incidence) and 15° and in increments 
of 5° b etween 15° and 6 0° . Becaus e of the small size of the filter which 
restricted the cone of light from the source, it was considered that the 
beam was approximately parallel. The results are shown in Table II. 
From Table I it can be seen that the agreement between the outputs 
of three cells is very good when it is realized that these three cells were 
not selected to be a matched set, and were not calibratl d by the vendor 
It il,, quite clear that when closer performance requirements are called 
out, the vendor will have no difficulty meeting them. 
Table II shows that the outputs of the cells stays materially constant 
up to 10° angle of incidence, but ha~ fallen to approximately 75o/o at 35° and 
to 50 o/o at 6 0° angle of incidence. 
Sinc e these measurements were taken, solar cell No. 1 has been 
broken causing its output to drop very low. No repeat of the measurement 
has been done , but a check of the outputs of the three amplifiers under 
varying light cond itions has been done in conjunction with the interface 
test with the central station described in Section 5. 
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The output voltage of the three temperature sensor units was mea-
sured by placing the detector unit with the three thermistors mounted on 
the rear of the solar cells, a nd the flat cable, wh'1ch will be used to con-
nect the detector to the central station, in the oven, a:nd the output volt-
ages w e re measured and shown in Figure 12. 
The three temperature sensor outputs agreed to within ±2°F of 
one another, but show the ne e d for calibration curves for each detector 
unit, as th e outputs do not agree with the theoretical curve. The close 
agreement of the sensor outputs demonstrates the practicality of using 
the simple half bridge circuit to obtain reliable results. It is planned 
to do a series of measurements at intervals to test the temperature 
sensors after they have been run continuously for several hours. 
5, Int e rfac e Test w ith Central Station 
T h e dust detector electronics was connected to the central station 
through flat cable and connec tor J25. It was necessary to obtain the 
±12 volt power from external power supplies as this was not originally 
planned in the central station engineering model. A light source con-
sisting of a 150-watt General Electric reflector floodlight was set up at 
various distances from each solar cell. 
The input voltage to each amplifier from the solar cells and the 
output voltage of each amplifier were measured with a Digital Voltmeter 
and these readin gs were compared with the print out of the correct 
channel of the central station A/D converter. 
The results are shown in Tables III, IV and V and it is seen that 
the amplifier output voltages agree well with the voltages printed out, 
The A/D converter only discriminates at intervals of 20 milivolts. 
The output voltages of the three temperatun: sensors were also 
measured with the D.V.M., but only sensor No. 1 is allocated a channel 
on the engineering model central station, hence the discrepancy seen in 
the data as shown in Table VI. 
The data for the damaged solar cell No. 1, which is shown in 
Table III, showed no voltage output from the solar cell, although show-
ing a voltage output from the amplifier with the light source close to 
the cell. The reason for this is the fact that with 0. 2ll volts output from 
the amplifier, the 1.nput would be in the region of 0. 25 milivolt which could 
not be read on the D.V.M. The output of this cell, in fact, was still below 
0. 5 milivolts with a light intensity large enough to give approximately 
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150 milivolts from the other two cells. However, amplifier No. 1 output 
agreed with the print out at low levels. and the amplifier had been tested 
by feeding a voltage into it as seen in paragraph 1. so it is . not considered 
nec e ssary at this stage to replace the damaged cell. 
A comparison of solar cell output voltages under the above light 
source arrangement is shown in Table VII. and again it is interesting 
to note the close agreements of the two undamaged cells over a wide 
dynamic range. 
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